One contribution of 13 to a theme issue 'Harmonizing energy-autonomous computing and intelligence'.
Synopsis
The dramatic spread of computing systems at the scale of trillions is delivering on the pervasive penetration into the real world. These systems are empowering artificial and augmented intelligence in our everyday life by continuously sensing and processing data-looking after our health, transport and cities, like guardian angels. As such, the way of how such systems are designed and maintained in-field requires not only inventing new methodologies but rethinking the whole philosophy behind the creative processes employed by engineers and theoreticians.
Autonomous sourcing and frugally managing energy in electronic circuits and harmonizing them for reliable and maintenance-free operation are central to enabling this ICT revolution. This theme issue covers a wide spectrum of challenges and opportunities surfacing the theory and practices of design, modelling and validation of the new generation of computing systems. Synergistically positioned between the broad domains of 'physical computing' and 'electronic engineering', the issue showcases some of the latest technological research and developments with contributions from pioneering researchers.
Motivation and impact
The science of naturally sourcing energy to electronics and the engineering behind minuscule, energy-efficient computing circuits have traditionally been two disparate disciplines. To date, this separation has worked well, despite our ad hoc methods of energy-compute integration. As we embrace trillions of new-generation computing systems, which will vastly supersede manual maintenance capabilities, the question of systems autonomy becomes pertinent. How can we design electronic circuits that can intelligently survive the natural variations, or indeed cuts, in these new energy sources, and continue to provide useful computation capabilities? The answer to this question is non-trivial, as it requires new thinking in terms of survivability under variations, perhaps akin to biological instincts. In essence, we need to design computing systems for energy autonomy, using the synergy between the two aforementioned disciplines.
Our view of intelligence has typically been biased towards the computing circuits and algorithms. These have enabled collection and processing of data pervasively for artificial and augmented intelligence. While these directions of research continue to foster with better performance and energy efficiency, harmonizing intelligence from the survivability point of view is crucial in delivering meaningful computation capability. This will require learning power management instincts and adopting intelligence from natural and/or biological systems. For example, the living organisms under and above the sea have different ways of scavenging energy from natural sources and surviving the lack of continuous energy supply through their biological instincts. In electronic systems, the equivalent concept will require continuous adaptation between power sourcing, management and compute subsystems.
This theme issue focuses on building a coherent view on these domains from the world-leading experts-starting from the theory of thermodynamic limits of computing to building large-scale electronic circuits with deeply embedded intelligence. To the best of our knowledge, there is currently no reported issue elsewhere that either provides such a view or has the breadth between science and engineering topics that are relevant to our goals.
Over the years, Philosophical Transactions A has had significant influence in promulgating new methods and knowledge. Historically, the journal has strong contributions in the areas of 'physical computing' and 'electronics', among others, in their own silos and also in the disciplinary overlaps between them. This theme issue is a stronger case for the latter, which stems naturally from the need of designing new electronic systems that are built with intelligence both in the computing circuits and also in the power sourcing and management. The idea of combining these disciplines in the same paradigm is important for fostering the emerging field of energy-autonomous computing.
It is hoped that this issue will have a direct impact among the researchers working in the areas of physical computing and electronic engineering. Besides, it sheds light on opportunities for researchers who are working in areas relevant to new materials applied in devices and circuits. Given how traditional complementary metal-oxide semiconductor devices are challenged by technology scaling limits, it is important to continue innovations in emerging devices, circuits and systems that can enable the pervasive penetration of computing systems. Extending our capabilities beyond traditional energy efficiency to energy autonomy is a crucial enabler of this revolution.
While readership for researchers in various disciplines is important and possibly crucial, the broad spectrum of topics addressed in this issue also offers a significant opportunity for general readership for those interested in the utopian avant-garde that electronics technology is going through at the moment in terms of proliferations and capabilities. This will allow them to rise to the intellectual challenge, and encourage them to join the research efforts worldwide.
Harmonizing multidisciplinarity
Harmonizing the energy and computing intelligence in one issue is unique. The following subjects are brought together in this issue. 
(a) Artificial intelligence theory and applications
Starting with classical control systems and automata to modern-day machine learning theories and practices inspired by neuroscience and biological systems, artificial intelligence (AI) still remains an unsolved puzzle. Researchers have continuously pursued answering the basic question: how does human brain learn with so little energy? Three articles in this theme issue are dedicated to AI theory and applications in similar veins, with an effort to respond to this question.
(b) Artificial intelligence circuits and systems design
While AI algorithms continue to evolve in complexity and capabilities, circuits and systems design has been a key approach for achieving energy efficiency. A number of AI circuit implementations have already seen industrial exploitation, but industry and academia continue to work together to generate AI circuits that are more energy efficient. Four articles in this issue will directly and peripherally address AI circuits and systems design with energy autonomy and efficiency as two key objectives.
(c) Power sourcing and management
As technologies evolve with new low-power computing and energy sourcing systems, researchers are being challenged with new energy management methods that can couple application and workload variations to energy availability. Core to such management strategies are the concepts of survivability and energy autonomy. Four articles in this issue will directly address energy-driven and energy-autonomous circuits and systems design with the aim of managing intelligence at both power and computing ends.
(d) Biologically inspired intelligent computing
In the quest of understanding the survivability of electronic systems, researchers have also reflected on how biological or natural systems learn through variations. These have inspired not only algorithm designs, but also new types of self-aware and survivable circuits, systems and applications. Three articles in this issue have explored biologically inspired methods for circuits and systems design for next-generation energy-autonomous systems and applications.
Guest editors
The lead guest editor, Dr Rishad Shafik (Senior Member of IEEE, Member of IET), is internationally recognized for his seminal works on hardware/software co-design applied in realpower and energy-autonomous systems. The co-editor, Prof. Alex Yakovlev, is an international authority of self-timed and power-driven circuits and systems design and automation. Their notable contributions to the relevant subject area are given below.
Dr Shafik has published 100+ top-tier journal and conference articles. He is the co-editor of the book 'Energy-efficient fault-tolerant systems' published by Springer USA. He has contributed to guest-editing a number of special theme issues in leading IET and IEEE journals and transactions, and participating in organizing and technical programme committees of major international conferences. Among his most relevant publications, a noteworthy mention is the 'Real-power computing' article, published in IEEE Transactions on Computers in 2018. The paper is co-authored with Prof. Yakovlev and a key innovator at Arm, Dr Shidhartha Das. The paper provides review, definitions and directions that are critical for energy-autonomous computing, and appeared as one of the top most popular articles for four months.
Prof. Yakovlev has published 350+ articles in top-tier journals and conference articles, and coauthored eight monographs. He has more than 30 years of research experience in the scientifically challenging research area of asynchronous systems, where he pioneered the use of Petri net models for their design automation and Signal Transition Graphs for designing asynchronous control circuits. For his contributions, he was elevated to the level of FIEEE and FRAEng. Among his most notable and relevant contributions, he has recently co-edited a special theme issue of the Royal Society Philosophical Transactions A (vol. 376, issue 2134 A (vol. 376, issue , 15 November 2018 , celebrating 125 years of Oliver Heaviside's 'Electromagnetic Theory'. The issue also published his seminal concept of 'Energy Current', inspired by his research in energy-driven computing.
